The rice genome contains two ent-copalyl diphosphate synthase genes: OsCPS1 acts in gibberellin (phytohormone) biosynthesis, and OsCPS2/OsCyc2 acts in the synthesis of oryzalexins A-F and phytocassanes A-E (phytoalexins). We characterized the enzymatic properties of recombinant OsCPS2/OsCyc2 fused with a tag-protein at the N-terminus, and compared them to those of OsCPS1. Several enzymatic properties of OsCPS2/OsCyc2, including the optimal pH, optimal temperature, divalent cation requirement, and kinetic values for the geranylgeranyl diphosphate (GGDP) substrate, were almost the same as those of OsCPS1. However, OsCPS2/OsCyc2 activity was not inhibited by 50-60 M GGDP substrate, by which the OsCPS1 activity was inhibited. Furthermore, the OsCPS1 activity exhibited approximately 70% inhibition by 100 M Amo-1618 (a gibberellin biosynthetic inhibitor), whereas the OsCPS2/OsCyc2 activity exhibited approximately 10% inhibition. These results indicate that the properties of OsCPS2/OsCyc2 were partially different from those of OsCPS1, although OsCPS2/OsCyc2 catalyzes the same reaction step as OsCPS1.
and phytocassanes [7] [8] [9] which act as phytoalexins. GAs are important for many aspects of plant growth and development such as seed germination, stem elongation, flowering, and fruit development. Phytoalexins are lowmolecular-weight compounds that are synthesized and accumulated in plants after their exposure to microorganisms. All of these compounds are biosynthesized from a common linear substrate, geranylgeranyl diphosphate (GGDP), which is then cyclized by specific cyclases to produce the parent skeletons of the compounds, as summarized in Fig. 1 . To date, we have isolated and characterized OsCPS2/OsCyc2, OsCPS4/ OsCyc1, OsKSL4, OsKSL7/OsDTC1, OsKSL8/ OsDTC2, and OsKSL10 which are involved in phytoalexin biosynthesis in japonica rice (cv. Nipponbare) [10] [11] [12] [13] ( Fig. 1) . Another group have also independently isolated these cDNAs from indica rice. [14] [15] [16] [17] However, OsCPS1 and OsKS1 were first identified as GA biosynthetic genes, whose knockout mutants showed severe GAdeficient dwarf phenotypes. 18 ) After a UV treatment, which induced phytoalexin biosynthesis, 2, 3, 19) the level of the OsCPS1 transcript gradually decreased and transcript levels of OsCPS2/OsCyc2 and OsCPS4/ OsCyc1 were markedly accumulated.
13) The phylogenetic tree for the amino acid sequences shows that OsCPS2/OsCyc2 and OsCPS4/OsCyc1 were grouped in a different clade from the OsCPS1 clade and ent-CDP synthases in other plant species (Fig. 2) . 13) In addition, recombinant OsCPS1 has been shown to convert GGDP into ent-CDP. 13, 14) These results strongly suggest that the rice genome contains two types of ent-CDP synthase genes, OsCPS1, involved in GA biosynthesis, and OsCPS2/OsCyc2, involved in phytoalexin biosynthesis, whereas the Arabidopsis genome contains only one such gene, which encodes ent-CDP synthase, an enzyme that contributes to GA biosynthesis. 20) The ent-CDP synthases responsible for GA biosynthesis in several other plant species have been characterized. [21] [22] [23] [24] However, the properties of OsCPS2/ OsCyc2, the ent-CDP synthase responsible for the biosynthesis of phytocassanes A-E and oryzalexins A-F, have not been investigated. We characterized in this study the enzymatic properties of recombinant OsCPS2/ OsCyc2 and compared its properties with those of OsCPS1 which is responsible for GA biosynthesis in y To whom correspondence should be addressed. Fax: +81-235-28-2812; E-mail: toyomasu@tds1.tr.yamagata-u.ac.jp Abbreviations: CDP, copalyl diphosphate; GA, gibberellin; GGDP, geranylgeranyl diphosphate; GST, glutathione S-transferase; UV, ultraviolet rice. For comparison, the phytoalexin biosynthetic cyclase, OsCPS4/OsCyc1, a syn-CDP synthase that is responsible for the biosynthesis of momilactones A and B and oryzalexins S, was also characterized as a recombinant enzyme.
Materials and Methods
Materials. GGDP was purchased from Sigma-Aldrich and further purified by column chromatography to remove such impurities as Mg 2þ . 25) All other chemicals were of analytical grade. The plasmid, pGEX-4T3 {N-terminal glutathione S-transferase-(GST) fused, GE Healthcare}, was used for expressing the recombinant enzymes.
DNA isolation and manipulation. Plasmids from E. coli were prepared by using a Qiagen plasmid kit. All enzymes used for DNA manipulation were obtained from Toyobo. E. coli was transformed with plasmid DNA by electroporation under standard conditions, using a BTX ECM 600 electroporation system (Biotechnologies and Experimental Research). The other general procedures were performed as previously described.
26)
Preparation of the recombinant enzymes. To overproduce OsCPS1, OsCPS2/OsCyc2, and OsCPS4/ OsCyc1 as N-terminal GST-fused proteins, the corresponding cDNAs were amplified by reverse-transcription PCR with the following 5 0 and 3 0 primers: for OsCPS1, 5 0 -GAATTCGGCTGATGAGGAGGCA-GATG-3 0 and 5 0 -GCGGCCGCTCAAATAACTTGC-TCAAAAATCAC-3 0 ; for OsCPS2/OsCyc2, 5 0 -GAATTCCGCAGCAAGCACCAGCGAGC-3 0 and 5 0 -GCGGCCGCCTAATTGACATCCTCGAACA-3 0 ; and for OsCPS4/OsCyc1, 5 0 -GAATTCGGATGAACTAA-GAGAGACGA-3 0 and 5 0 -GCGGCCGCTTATAAGGA-GTGTAGATGAG-3 0 . To facilitate their insertion into pGEX-4T3, additional restriction sites (the EcoRI and NotI sites are underlined) were incorporated into the primers. Expression and purification of the recombinant enzymes were carried out according to the manufacturer's protocol. Purity was analyzed by SDS-PAGE on 12.5% gel. The apparent molecular mass was evaluated by gel filtration, using a G3000 SW XL (7:8 mm Â 300 mm) column (Tosoh) that had been equilibrated with a 0. The phylogenetic tree was constructed by ClustalW. Accession numbers are as follows: AtCPS (Arabidopsis thaliana), AAA53632; CmCPS1 (Cucurbita maxima), AAD04292; HvCPS (Hordem vulgare), AAT49065; OsCPS1, AB126932; OsCPS2/OsCyc2, AB066271; OsCPS4/OsCyc1, AB066270; PsCPS (Pisum sativum), AAB58822; LsCPS (Lactuca sativa), BAB12440; SdCPS (Scoparia dulcis), BAD91286; SlCPS (Solanum lycopersicum), BAA84918; SrCPS (Stevia rebandiana), AAB87091; ZmCPS (Zea mays), T02959. 0.1 mM MgCl 2 , 5 mM 2-mercaptoethanol, 0.1% (w/v) Tween 80, 20% (v/v) glycerol, 20 mM GGDP, and 5 mg/ml of the purified enzyme was incubated at 30 C for 10 min. These conditions were confirmed to fit the steady-state kinetic parameters. After this incubation, 100 ml of 0.5 M EDTA (pH 8.0) was added to terminate the reaction, and the reaction products were analyzed by reverse-phase HPLC, using an ion-pairing reagent. The analytical conditions were the same as those previously described. 25) Kinetic assays were performed with triplicate enzyme assay sets at each substrate concentration, and Hanes-Woolf plots, substrate concentration ([S])/ velocity vs.
[S], were used for estimating kinetic constants.
Results and Discussion
Expression of recombinant OsCPS1, OsCPS2/ OsCyc2, and OsCPS4/OsCyc1
We have previously isolated three cDNAs that encoded a truncated OsCPS1, whose deduced transit peptide was partially omitted, full-length OsCPS2/OsCyc2, and full-length OsCPS4/OsCyc1. 13) We were able to express these recombinant enzymes as GST fusion proteins and characterize their enzymatic reactions, by using a bacterial expression system,. 13) However, recombinant OsCPS2/OsCyc2 and OsCPS4/OsCyc1 had transit peptides at their N termini that directed the enzymes to plastids. To carry out detailed biochemical studies, plasmids directing the expression of the putative mature enzymes were reconstructed. Since the exact N termini of mature OsCPS1, OsCPS2/OsCyc2, and OsCPS4/OsCyc1 are not known, the putative mature N termini were estimated from the results of experiments employing the ent-CDP synthases of pumpkin and Arabidopsis. 27, 28) Consequently, 124, 78 and 73 amino acids were eliminated from the N termini and fused to the C-terminal end of GST to construct recombinant OsCPS1 (84.9 kDa), OsCPS2/OsCyc2 (80.9 kDa), and OsCPS4/OsCyc1 (78.9 kDa), respectively. All of the enzymes were successfully and effectively expressed as GST fusion proteins (Fig. 3A) , and seemed to be monomeric by the results of gel-filtration chromatography ( Fig. 3B and C) . These purified enzymes, which [min]
[min]
[min] contained trace amounts of contaminated proteins, were used for further analysis.
Effect of divalent metal ions on the enzyme activities ent-CDP synthases from other plant species, fungi, and bacteria require divalent metal ions, especially Mg 2þ , for their activity. 21, 22, 29) We therefore investigated the influence of the Mg 2þ concentration on the activities of OsCPS1, OsCPS2/OsCyc2, and OsCPS4/ OsCyc1. In the absence of Mg 2þ , a trace amount of the product (less than 0.0001% of that formed in the presence of 0.1 mM Mg 2þ ) was detected with each of the enzymes. In the presence of Mg 2þ , OsCPS1 and OsCPS4/OsCyc1 showed the same Mg 2þ dependence curve (biphasic), with a maximum around 0.1 mM (Fig. 4) . In contrast, OsCPS2/OsCyc2 exhibited almost constant activity in the range of 0.04-1 mM Mg 2þ , although weak inhibition was observed at 5 mM Mg 2þ . It has recently been shown that the activity of recombinant ent-CDP synthase from Arabidopsis was biphasic with the Mg 2þ concentration, being almost proportional up to 0.1 mM Mg 2þ , but severely inhibited over 0.1 mM Mg 2þ . In addition, GGDP and Mg 2þ have exerted a synergistic substrate inhibition effect on the activity of this enzyme.
24) The inhibitory effect of Mg 2þ on the rice ent-and syn-CDP synthase activities agreed well with those of the Arabidopsis enzyme. We therefore performed subsequent experiments in the presence of 0.1 mM Mg 2þ . We next investigated the effects of other metal ions (0.1 mM) on the enzyme activity (Fig. 5) . The enzyme activities of all the enzymes were highest at 0. were 60-70% and 35-60%, respectively. Weak activity was also observed with Fe 2þ (5-10%). Interestingly, only OsCPS1 showed enzymatic activity with Zn 2þ (30%). In contrast, very weak enzymatic activities of OsCPS2/OsCyc2 and OsCPS4/OsCyc1 were observed with Ca 2þ (5% and 20%). It has also been shown that Mg 2þ was most effective toward the activity of the native M. macrocarpus ent-CDP synthase and recombinant Arabidopsis ent-CDP synthase. 21, 24) Optimum pH and temperature The optimum pH value was measured in several buffers (final concentration of 0.05 M): citrate, pH 5.0-7.5; potassium phosphate, pH 5.0-7.0; MES (Good's buffer), pH 5.5-7.0; Tris-HCl, pH 6.5-9.0. All three enzymes showed high activity at around neutral pH value (6-8) with each of the buffers, OsCPS1, OsCPS2/ OsCyc2, and OsCPS4/OsCyc1 showing maximum activity at pH 7.0 (Tris-HCl), pH 7.0 (Tris-HCl), and pH 6.6 (Tris-HCl), respectively (Fig. 6, top) . The activities of the native M. macrocarpus ent-CDP synthase also had pH optima at around neutral (pH 7.3 in the Tris buffer). 21) The effect of temperature was also investigated C (Fig. 6, bottom) , and were fully retained after incubating at 30 C in 0.05 M Tris-HCl at pH 7.0 for 1 h (data not shown). It is reasonable that all enzyme assays of ent-CDP synthase in previous reports had been carried out at 30 C. 13, 14, 21, 23, 24, 27) Substrate inhibition We next investigated whether OsCPS1, OsCPS2/ OsCyc2, or OsCPS4/OsCyc1 would show substrate inhibition, as had been reported for ent-CDP synthases involved in GA biosynthesis in other plant species. 21, 23, 24) As shown in Fig. 7 , each enzyme exhibited different properties. OsCPS1 showed significant substrate inhibition in the presence of more than 50 mM GGDP. In contrast, OsCPS2/OsCyc2 and OsCPS4/ OsCyc1 exhibited almost no substrate inhibition, even up to 60 mM GGDP. These results show that the activity of ent-CDP synthase, which is responsible for the biosynthesis of the phytohormone, GA, would be more severely inhibited by the substrate than the activities of secondary-metabolite phytoalexins. Both of the two distinct diterpene cyclases responsible for GA biosynthesis, ent-CDP synthase and ent-kaur-16-ene synthase (Fig. 1) , include a transit peptide at the N-terminus, and have been shown to be localized in plastids. 20) Carotenoid and phytol, which respectively provide accessory pigments and the chlorophyll side-chain for photosynthesis, are synthesized from GGDP in the plastids. The substrate inhibition of ent-CDP synthase has been suggested to be one of the mechanisms regulating the GA level through the restricted flow of GGDP into GA biosynthesis. 21, 23, 24) However, the physiological role of the substrate inhibition of ent-CDP synthase remains unexplained. Like OsCPS2/OsCyc2, the activity of the ent-CDP synthase domain of the bifunctional entkaurene synthase in the GA-producing fungus, Phaeosphaeria, which is involved in secondary metabolite synthesis, was less sensitive to the GGDP substrate than the pumpkin ent-CDP synthase. 23) On the other hand, abietadiene synthase, which converts GGDP into abietadiene via (+)-CDP in the synthesis of the secondary metabolite as a resin acid, exhibited substrate inhibition 
OsCPS1
OsCPS2/OsCyc2 OsCPS4/OsCyc1 with more than 10 mM GGDP. 30) We therefore could not conclude in general that the activities of the labdanerelated GGDP cyclases involved in secondary metabolite biosynthesis were less sensitive to GGDP than those involved in GA biosynthesis. Nevertheless, OsCPS2/ OsCyc2, which also converts GGDP into ent-CDP, should be a useful molecular tool for further investigation of the substrate inhibition of ent-CDP synthase responsible for GA biosynthesis. A recent report has shown that GGDP and Mg 2þ exerted synergistic substrate inhibition effects on the Arabidopsis ent-CDP synthase activity, and that the enzyme activity was 100-fold more sensitive to Mg 2þ than abietadiene synthase. 24) A comparison of the kinetic values for Mg 2þ and the synergistic inhibition by GGDP and Mg 2þ of OsCPS1 and OsCPS2/OsCyc2 should be performed in the near future.
Kinetic properties
In addition to the optimum pH and temperature conditions, additives that enhance the enzyme activity were also investigated. It was found that 20% glycerol, 5 mM 2-mercaptoethanol, and 0.1% Tween 80 were required for the full activity of all of the enzymes. We therefore studied the kinetic properties of the enzymes under these optimum reaction conditions. The Km and kcat values for OsCPS1, OsCPS2/OsCyc2, and OsCPS4/OsCyc1 were calculated to be 14:2 AE 1:5 mM and 4:5 Â 10 À2 /s, 21:1 AE 5:6 mM and 7:8 Â 10 À2 /s, and 9:3 AE 0:6 mM and 4:7 Â 10 À3 /s, respectively. The calculated kcat/Km values for OsCPS1, OsCPS2/ OsCyc2, and OsCPS4/OsCyc1 were 3.1, 3.6, and 0.51 mM À1 s À1 , respectively. The Km and kcat values for OsCPS2/OsCyc2 for GGDP were the almost same as those for OsCPS1, pumpkin recombinant ent-CDP synthase, and bifunctional fungal ent-kaurene synthase.
23)
Effects of Amo-1618 on enzyme activities Amo-1618 is a quaternary ammonium compound that inhibits CPS activity, a step in GA biosynthesis. 21, 22) We therefore investigated whether the three enzymes would show the same sensitivity to this compound. Amo-1618 was added to reaction mixtures at various concentrations, and the relative activity was examined (Fig. 8) . In the presence of 0.1 mM Amo-1618, the activity of OsCPS1 was reduced to 30% of the normal value, in a similar manner to ent-CDP synthase, which has been reported to be responsible for GA biosynthesis. Interestingly, the activity of OsCPS2/OsCyc2, which also catalyzes the conversion of GGDP into ent-CDP, retained 90% of its activity, even at the same concentration of Amo-1618. OsCPS4/OsCyc1 was also relatively resistant to Amo-1618 in a similar manner. Its enzyme activity was reduced to 75% of the normal value in the presence of 0.1 mM Amo-1618, suggesting that the activity of ent-CDP synthase, responsible for the biosynthesis of GA, would be more severely inhibited by Amo-1618 than the enzymes involved in the synthesis of phytoalexins. Our results using recombinant enzymes support those in a previous report that the crude enzymes in extracts of UV-treated rice leaves were only modestly inhibited by Amo-1618. 31) However, it is surprising that Amo-1618, which is able to suppress even fungal enzyme activity, 22) inhibited the ent-CDP synthase activity of OsCPS2/OsCyc2 much less effectively than that of OsCPS1. A comparison of the structure and mode of inhibition by Amo-1618 of these enzymes by an X-ray crystal structure analysis should provide insight into this matter.
Conclusion
We propose in this study that the enzymatic properties of OsCPS2/OsCyc2, which is responsible for phytoalexin biosynthesis in rice, are different from those of OsCPS1, which is involved in GA biosynthesis, in regard to the inhibition by GGDP and Amo-1618, even though these two cyclases catalyze the same reaction, the conversion of GGDP into ent-CDP. In addition, the OsCPS4/OsCyc1 (syn-CDP synthase) activity showed the same inhibition pattern as OsCPS2/OsCyc2. The different enzymatic properties of the cyclases involved in GA and phytoalexin biosynthesis correspond well with the results of a phylogenetic analysis (Fig. 2) . 13) Further studies using OsCPS1, OsCPS2/OsCyc2, and OsCPS4/OsCyc1 could provide information on the physiological role of the GGDP substrate inhibition of ent-CDP synthases involved in GA biosynthesis, and on the amino acid residues responsible for inhibition by GGDP or Amo-1618. It has recently been indicated that a single residue was responsible for forming kaurene skeleton by comparing the properties of rice entkaur-16-ene synthase paralogs. 32) The rice paralogs of Fig . 8 . Effects of Amo-1618 on the Activities of GST-OsCPS1, OsCPS2/OsCyc2, and OsCPS4/OsCyc1. The filled circles, filled triangles, and filled squares indicate the activities of GST-OsCPS1, OsCPS2/OsCyc2, and OsCPS4/OsCyc1, respectively. The enzyme activity measured in the absence of Amo-1618 was taken as 100%, and the relative activities are shown. diterpene cyclases should serve as good tools for the investigation of terpene cyclases.
